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Abstract ponents of the robotic vehicle mechanical subsystem, sen-
sors, on-board control software, as well as the environment
This paper describes recent developments in the ROAM& terrain/vehicle interactions. ROAMS provides interfaces
physics-based simulator for planetary surface exploratignclose many different rover control loops ranging from
rover vehicles. ROAMS includes models for various subsygw level motor control, locomotion estimation and control,
tems and components of the vehicle including its mechatd-navigation and vision control loops shown in Figure 1.

cal subsystem, sensors, on-board resources, on-board comtiel ROAMS simulator is being used for stand-alone sim-
software, the terrain environment and terrain/vehicle inter-

actions. The ROAMS simulator can be used in stand-alone
mode, for closed-loop simulation with on-board software ¢ ...
for operator-in-the-loop simulations. l
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There has been significant growth in the number of spa..
exploration missions devoted to planetary surface operation ) _

using mobile rover vehicles. The Mars Exploration Rover Figure 1: Typical closed-loop interfaces to the rover
(MER) mission launched in 2003 and scheduled to land in

2004 is a prime example of such a current mission, with the

Mars Science Laboratory (MSL) representing the next gen-

eration of such surface exploration missions. Highlights ofation, closed-loop simulations with onboard software and
the MSL mission include significantly extended mission lifor operator-in-the-loop simulations. ROAMS is also being
(over 18 months) and rover traverse distances for Mars sused to support the development, testing and maturation of
face exploration. new rover technologies for eventual infusion into missions

such as MSL and beyond.
The development and testing of onboard software for plane-

tary rovers has traditionally been done using rover hardwdéteferences [1, 2] earlier reported on the key architectural el-
platforms and testbeds. These hardware resources areeaxents of ROAMS and provided a snapshot description of
pensive and typically over-subscribed. To alleviate this sitits functionality. In this paper, we describe the further ca-

ation, validated modeling and simulation capabilities for sypabilities that have been developed in ROAMS as well as
face rovers are being developedRiver Analysis, Model- preliminary validation results.

ing and Simulation (ROAMS) [1, 2] to support the mission

in carrying out surface system trade studies, development of

new rover technologies, closed-loop development and test of

onboard flight software, and for use during mission opera- 2 ROAMS Design Goals

tions.

ROAMS includes models for various subsystems and com- o _ _
We describe first some of the key design goals that are driv-

0-7803-8155-6/04/$17.08)2004 IEEE ing the ROAMS development.




2.1 \Validated Physics Based Models level of instrumentation and other features for them to be
usable. Since the inclusion of these features adds to code

A primary requirement on ROAMS is that it serve as a higlsize and the number of external dependencies, ROAMS has

fidelity surrogate rover to support closed-loop testing beyoadopted a layered design, where many of the features are im-

what is possible with just hardware rover testbeds. Thedemented as optional plug-in extensions so they can be in-

high fidelity needs require ROAMS to implement (a) desluded as needed at run-time. This approach has also helped

tailed physics based models of the rover mechanical plaxsrease the amount of reusable modules within ROAMS.

form including its kinematics and dynamics, (b) its suite of

actuators and sensors such as wheel & steering motors and

encoders, inertial measurement units (IMUS), sun sens@% Spacecraft Simulation Framework

cameras, and (c) models of the environment and the rover’s

interactions with the environment. Hand in hand with thgy accelerate the development of ROAMS, ROAMS is built
model development process is an ongoing ROAMS simulgson the existing DARTS & Dshell simulation framework
tor validation effort consisting of a series of experiments ifs] developed for spacecraft simulations. This strategy has
volving deterministic as well as statistical comparisons wifliowed the ROAMS development effort to focus on the

physical rover data. extensions needed for the surface rover domain. Likewise
this has had the effect of making available these extensions
2.2 Model Configurability to other simulators sharing the same simulation infrastruc-

ture. A case in point here is the DSENDS entry, descent

- . : d landing simulation tool [4] which uses the same DARTS
Development of the rover flight system typically involve&"
Veop ver Tight 2y ypica’y oy g_Dshell simulation framework and shares several modules

test platforms ranging from experimental technology devel- ) _ . ) .
opment rovers all the way to flight breadboards and spar‘é”st.h .ROAMS including thqse for dynamics simulation and
rrain environment modeling.

The configuration of these platforms typically evolves ovl§
time with updates to the sensor/actuator suite, avionics and

other hardware components. ROAMS is expected to provi ROAMS/Surface DSENDS/CEDL
models that shadow these multiple rover platform configur Arm Parachute
tions at any given time and track their evolution over time N Atmospheric &

_ : - A Camera sensors Wind models
This requires that ROAMS avoid monolithic, rover platforn | wheci/soil dynamies R
specific simulation implementations. Instead a conscious ¢ Resource models Landias oo
sign strategy has been to allow users to configure ROAN | Mobility models GNC models

for different rover models easily at run-time via model dat
files. While allowing users to easily tailor simulations tc

Terrain models & SimScape
DARTS vehicle dynamics

the specific platforms, this configurability has been usef Tl Cassini, Galileo,

during the simulation validation effort to match ROAMS tc actuators MPF, DS-1,

rover model configurations used in the experiments. Dshell modeling framework » e e
Simulation infrastructure Starlight, SIM,

Data monitoring &logging Europa, SRTM
Dspace visualization

Darts/Dshell

2.3 Closed-Loop Simulations

As a test platform, ROAMS is meant to be used in closed- ) o

loop with the onboard rover software and hardware. This réigure 2: Common Dshell simulation infrastructure
quires ROAMS to be embeddable within closed-loop testbed for ROAMS and DSENDS

environments containing a mix of onboard software, real
hardware and simulated hardware. ROAMS provides hard-
ware like command and sensing interfaces similar to actual
hardware to allow such loop closure. Particular attention has
been paid to simulation algorithm performance in order %6
meet the closed-loop timing requirements. Also, ROAMS
is portable across Unix and real-time VxWorks platforms, i ) ,
The Dmex tool [1] provides auto-generated interfaces fgPmPlementing our goal of using established spacecraft

embedding ROAMS within a Matlab/Simulink environmertimulation capabilities, we have placed emphasis on us-
for control algorithm development and testing. ing and adapting open source software wherever possible.
This has led to the use of computational libraries such as

SWIFT++ [5]and ANN [6], visualization layers such as
2.4 Layered Toolkit Approach Openlnventor [7], POVRAY [8], graphical user interface

tools such as Tk [9], Tix, Gtk [10], Gnocl [11], TCL [9] &
While simulations are expected to to the “right” thing, i.6SWIG [12] scripting interfaces, and documentation genera-
provide good fidelity, they also need to provide a significatibn tools such as Doxygen [13] within ROAMS.

Open source tools



2.7 Usable rover sub-systems (i.e. arms, wheels, mast) and environment
(i.e. location, soil type, time of day). These parameters are
With the increase in detail and functionality of ROAMS, wesed to instantiate the run-time rover model.
recognize the need to provide user interfaces to facilitate the
use of ROAMS and reduce the learning curve. While tHd start-up, ROAMS constructs a parameter tree containing
ROAMS core is implemented in C/C++, It includes a Tcpefault values along with text descriptions of each parameter.
[9] scripting interface (auto-generated by the SWIG u’g}lhen a particular rover type is loaded into ROAMS at run-
wrapper generation tool) to the core C/C++ classes to fadiine, it inherits these defaults. However, the model can also
itate simulation configuration and regression testing. Tra¥erloador modify any of the existing parameters. This is
scripting capability is also used to develop graphical ud&auired in order to specialize parameters such as kinemat-
interfaces for users to change simulation modes, set rolf§ mMass and inertia properties for a particular rover. This
goals, change simulation speed, take time steps, exer8@dity to inherit and overload parameters has been useful
rover degrees of freedom, select terrain models etc. TRellowing new parameters to be added to the ROAMS pa-

Dspace 3D visualization tool [1] provides run-time visua[2meter tree without any changes to the vehicle models (un-
ization of the rover simulation state. less the default value needs to be modified). It also allows

ROAMS to instance multiple rovers of the same or different
types with ease as well as to easily vary the rover parameters

3 ROAMS Models for Monte Carlo simulations.

In order to provide a high-fidelity virtual rover, ROAMS’s'2 Terrain Modeling

vehicle models include kinematics and dynamics algorithms
as well as models of its hardware components, models'%}
the rover environment including the terrain and the sun, a

interactions between the rover and its environment. To ) : . .
cilitate testing of the simulated rover, ROAMS also includ O_AMS provides a common interface for using d'g'“?" ele-
representative models for software components such as Ajlon map (DEM) terrain mgdels created from a variety 9f
igation, locomotion and motor control algorithms. sources. These sources which can be generally categorized

as empirical, analytical or synthetic.

important consideration in rover simulation is modeling
terrain upon which the vehicle moves. Being a surface
hicle, the rover has intimate interaction with the terrain.

The sections below describe in more detail some of the fe- . . _ :
cent ROAMS model developments in the areas of camera iEfpjplrlcal terrain models are representations of natural land-

age synthesis, terrain models, wheel-soil interaction, plari_ gpest enc_ountedreld in field ft?‘;‘ts during .roveL tr§v<e|rse3.
tary ephemerides and sun camera models. Reference [1] _slete(;raln mz (tasfare 'usel ut or C(l).gptgrlng b yslllca ?n
scribes previously developed ROAMS’ models of the rovgfnu'ated rover data for simuiation vaidation as wet as for

kinematics and dynamics as well of its hardware devic@ged:jctltve_purpnose':{saThe mecfhamsm by V‘Ilh'Ch empmcaltter- q
such as inertial measurement units (IMU), motors etc. rain data s collected ranges from manual measurement an

optical surveying to high-precision radar and laser scanning

In addition to vehicle modeling, ROAMS must also moddfchniques. In all cases, the data are collected from the actual
the rover environment. As a surface vehicle, the rover ighdscape under consideration and are later reconstructed to
teracts with the environment primarily through the terrai§énerate a topography of the landscape.

Accurately modeling of this terrain and the contact forces

between it and the rover are the primary focus of enviroﬁ-nalyt'cal terrain models are useful when specific surface to-

mental modeling in ROAMS. In addition to physical cha°9"aPhy (ég. constant slope) is desired for simulating con-

acteristics, ROAMS also provides an accurate graphical & _IIe(_j rover scengrios. Such ter_rain models can be gen_erated
resentation of the terrain for presentation to onboard ca orithmically using parameterized mathematical functions.

era models. The relative position of the sun can be use jng this analytical method, surfaces such as a precisely

generate realistic shadows and is computed using planefﬂgtm"ed slope or a specific type of obstacle such as abump
ephemeris information or a pothole may easily be generated with precise character-

istics.

3.1 Rover Model Definition Synthetic terrain models are useful in simulation scenarios
where statistically realistic planetary landscapes, eg. Mar-
An important provision within ROAMS is a flexible model4tian landing sites, are required for the simulations. Synthetic
ing infrastructure that can handle multiple vehicle types atetrain generation algorithms [15, 16] allow the user to spec-
configurations. ROAMS employs modular, hierarchical pdy general characteristics such as the range of rock sizes
rameter templates to provide the flexibility needed to manamed distribution densities, along with other features such as
rover simulations involving hundreds of parameters. Thes@ters. The terrains can be synthesized from scratch or can
template trees are constructed using the Tree TCL packhgeenhancements of lower resolution base terrains. These in-
[14]. Branches of the parameter tree are based on physpmatl parameters for these terrain synthesis algorithms can be



varied to generate a range of terrain models for use in stat-simulating antenna pointing and telecommunication up-
tical rover simulation studies. link/downlink link scenarios. In addition to planetary bodies,
SPICE can import spacecraft ephemeris in order to compute

. . the position of orbiting spacecraft relative to the rover.
3.3 Soil contact modeling P gsp

The primary goal of the terrain interaction modeling iR-5 Cameralmage Synthesis

ROAMS is to compute the forces and moments exerted by

the terrain on the vehicle. Given these forces, the resultfrgmera image synthesis is an important new capability cur-
motion of the rover is a well understood rigid multi-bodyently under development within ROAMS. Simulation of
dynamics problem. ROAMS makes the simplifying assumptereo camera images allows ROAMS to close the loop with
tion that contact forces are applied at a single point for ed¥§¢ stereo pipeline in the onboard software. The stereo
wheel and hence the applied moments from contact canPiieeline is used for generating range maps for the onboard
regarded zero. The force at the contact point for each wharard detection and rover navigation algorithms. These im-
is decomposed into normal and tangent components. €S can also be used for visual odometry and visual tracking
normal direction is defined as perpendicular to the terr@Rplications. We describe here the current status of our cam-
at the contact point. ROAMS uses a non-linear complian@& image synthesis work while it remains an active area for
system to compute the force in the normal direction. A®th development and validation.

the rover sinks into the terrain, the compliance system in-

creases the normal force until equilibrium is reached. THSHYORE Camera Models Fhe basic camera model in

allows ROAMS to solve for the statically indeterminate noP'S€ for robotic vehicles used in Mars planetary exploration
originally developed by Yakimovskly and Cunningham

mal forces. The magnitude of the normal force serves as , . X
20, 21]. This model included a central perspective pro-

foundation for almost every contact model. L= , s M=o -
jection and an arbitrary affine transformation in the image

Once the normal force has been computed, the forcesPiane. Since then this model has been extended to include ra-
the tangent plane can be computed. ROAMS employdligl lens distortion [22] and representation of entrance pupils
two-dimensional compliance system described in [17]. P&litable for use with fish-eye type lenses [23]. The basic
viously, ROAMS used a simple Coulomb friction law t¢amera parameter in these models consist of C - the Center
compute the maximum allowable tangent forgg (|| < Vector of the entrance pupil, A - the Axis Vector normal to
u|Fn|])- This has been updated to limit tangent force basB¢ image plane, H - the Horizontal Vector for the image, V -
on the soil mechanics parameters of internal friction angfte Vertical Vector for the image, O - the Optical Vector that
(¢) and soil cohesionc]. These parameters provide a moré the symmetry axis for radial distortion, R - Radial Distor-
accurate representation of the transition between rolling digh Polynomial coefficients, and E - Entrance Pupil polyno-

sliding behavior in soil. Maximum tangent forces are nofiial coefficient terms. Together these CAHVORE parame-
given as: ters (18 for the CAHVOR portion) allow modeling of a wide

|Fr|| < cAe + ||Fy|| tan é v_ariety of optical systgm including lenses with wide field-of-
views and fish-eye distortions. Rigorous least square proce-
where A, is the area of the wheel/soil contact patchlures exist for estimating the values of all of the CAHVORE
ROAMS currently uses heuristic techniques for computimrameters.
the area of the contact patch. These heuristics will be re-

placed by more accurate modeling based on terra-mechahigge Synthesis using Dspad@urrently the ROAMS simu-
equations [18]. lated camera models take into account only the CAHV cam-

era parameters while the simulation of the radial and fish-eye
) distortion effects is planned for the near future. ROAMS uti-
3.4 Ephemeris Interface lizes the Dspace 3D visualization tool to synthesize stereo
image pairs for the various hazard cameras (hazcams) and
Another new feature of ROAMS is an interface to the SPIGfanaromic cameras (pancams) on the rover. To perform im-
software package [19]. The SPICE package provides a pie synthesis, Dspace uses its list of 3D visualization graph-
erful, extensible database of ephemeris information for @il objects such as DEM based terrains, associated textures,
major bodies in the solar system. Sun position relative to 8D file representations for all rovers in the simulation, the
rover can be computed at any time and for any location gsition of the Sun and other light sources, in combination
the surface of Earth or Mars. The sun position in the slgith camera parameters derived from the CAHV parameters

is used by several models including the sun-sensor and faieach of the left and right stereo cameras, to render images
camera models, the solar panel model, and in the future \ﬂﬂ" processing by stereo correlation code.

be used for the accurate generation of shadows for camera

image synthesis. ROAMS provides the sun position infdfer each simulated camera, position and attitude information
mation to Dspace to generate a graphical image of the $onthe camera is passed to Dspace by ROAMS, along with
for simulating a sun camera image. The SPICE interfattes field of view and resolution (in pixels) for the camera.
also allows the computation of relative planetary positiosnce the camera’s optical axis may not be perfectly centered



in the image plane, Dspace renders an image larger thandbmpares the camera images to produce a single “disparity”
resolution of the camera and then extracts the camera imagage from which a range map (three-dimensional distance
region from about the optical center to produce the final resf-each pixel from the camera) is computed. We have been
dered image. This over-rendering is required because Op&sing this stereo code to test and validate the synthetic cam-
Inventor/OpenGL cameras do not support off-center boera images being generated by ROAMS.

site rendering. Currently, depth-of-field calculations are not

supported. When camera image rendering is complete, that

image is converted to a 8 bit greyscale image for further pro-

cessing. Dspace performs the camera rendering in an “off- 4 ROAMS Validation

screen” mode. Figure 3 shows an example synthetic stereo

image pair generated by ROAMS.

In order for a rover simulation to be useful in developing
rover navigation and control software, its behavior must cor-
respond well with the operation of a real physical rover
in a real environment. Hence, in parallel with the ongo-
ing development of ROAMS, we have been undertaking a
validation effort for ROAMS using experimental data from
rover mobility runs. Our validation strategy has two tracks.
One track is pursuing deterministic validation for parts of
the system that are deterministic (eg. the rover hardware
model). Another track is using statistical matching for the
non-deterministic or difficult to characterize parts of the sys-
tem (eg. wheel slippage). Deterministic comparisons be-
tween simulated and experimental data is difficult due to the

We have used a C++ Stereo Vision library [24] developgghcertainty in environment models and the inherent com-
at JPL to verify that range map information can be succeggsxity in creating them.

fully extracted from the synthetic images. Figure 4 shows

the resulting range map generated for the stereo image f&ié motion of a rover over a planetary terrain is a product
in Figure 3. The upper left and right images are color codefimany different components and levels of the system. At
the lowest level, there are rover rockers and bogeys (suspen-
sion components), wheels, actuators (motors), and sensors.
External influences, such as the terrain shape and properties,
are also a critical factor in the rover motion. A key goal of
our ROAMS validation effort is to validate the rover motion

at various levels of operation. We are validating the opera-
tion of actuator and other individual component models. It
is important to establish good correspondence for the lower
loops in the system between the simulation and physical ex-
periments, since they serve as the foundation for the system
level behavior of the system. We also examine the overall
motion of the simulated rover to validate the higher level
navigation loops in the system.

Figure 3: Synthetic stereo camera image pair

The level of detail needed in the individual component mod-
els for adequate simulation fidelity is intimately driven by the
rover’s operational parameters, i.e. rover speed, terrain slope
and roughness, onboard sensors etc. One of our goals in
the validation activity is to develop benchmarks and guide-
lines in this area. To this end, we are carrying out a series
representations of the the distance and height for each pointalidation experiments which analyze the performance of
in the range map. The bottom image shows a top down viewdividual components as well as the overall system while
of the range map where the dark areas in the middle are ttawersing controlled, easily modeled surfaces. The follow-
“holes” in the range map due to occlusion of the area by thng section describes the results from these experiments. Our
rocks. The Stereo Vision library is flexible in the image inp@ventual goal is to validate simulated traverses over natural
format and can process 8 bit grey-scale and color pixels ¢eprains. However, such validation requires accurate models
to 96-bits of precision) if greater accuracy is desired. Usindthe terrain, and Section 4.2 describes our current work on
a CAHVOR camera model as input, the Stereo Vision cotkrrain model reconstruction.

Figure 4: Range map from the synthetic stereo camera
image pair



4.1 Vehicle model validation on controlled surfaces STEERING ANGLES: Rocky8 45 Degree Arc Turn, 0.5 Meter Radius (Mars Yard, 2003-01-24)
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Rocky8 rover driving in a 0.5 meter circular arcwe per-
formed an experiment of driving the Rocky8 [25] rover ir |
a 45 degree circular arc of 0.5 meters radius on a flat st~ *°| %
face in the JPL Mars Yard [26]. The Mars Yard is an are  °8[ *
with rocks and surface materials that are representative -+ ———— >
Martian surfaces. The purpose of the experiment was to v... Time (s)

idate the wheel and steering motor control models associated

with making a turn and the IMU model. During the turn, the Figure 6: Steering angles during Rocky8 circular arc
average wheel angle deviations at the end of the turn was ap-
proximately 2.1% as shown in Figure 5. Figure 6 shows the
steering angle profile whose the average deviation was 0.¢"”
During the time the rover chassis was rotating, the IMUra s

GYRO RATES: Rocky8 45 Degree Arc Turn, 0.5 Meter Radius (Mars Yard, 2003-01-24)
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Figure 7: IMU Z rotation during Rocky8 circular arc
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Figure 5: Front wheel angles during Rocky8 circular arc 9% Or less. The deviation in the total distance moved was

1.6% based on the TotalStation measurements.

This was the first experiment that included significant

rocker/bogey motions. Since the rover contacted the ramp
In summary, this experiment showed excellent agreemegtaight on, the rocker angles should be small since they mea-
on Rocky8 steering kinematics, wheel/steering motions, afigte the relative rotation between the rockers on the two sides
gyro response. We were unable to compare actual vehiglge deviation of the bogey angles was about 27.1% and the

motion because the physical positions were not measulg bogey and 30.4% for the right bogey and is shown in
during the experiments. Figure 8.

Fido rover driving up a ramp We subsequently performedvarious data-collection and calibration problems prevented

an experiment driving the Fido rover [25] from a flat sufs from analyzing IMU operation during the experiment.
face up a 13.4 degree slope. The rover went a total of 230

cm, including about 65cm on the flat surface before the frofiiis experiment also allowed us to do some rough analysis
wheels touched the ramp. In this experiment we were ableofdhe traction of the wheels on the ramp surface (which was
accurately measure the position of the rover at the beginnoayered with a plywood board). We did a series of simula-
and ends of the motion using a TotalStation. The purposetiohs that varied the coefficient of friction between the wheel
this experiment was to validate rover kinematics, dynamies)d the ramp surface. We obtained a good match the actual
and wheel slippage models over a non-flat terrain. In this eretion with a coefficient of friction of 0.6 as seen in Figure
periment, the wheel angle deviation at the end of the run vias



FIDO ROCKER/BOGEY MOTIONS: Drive up ramp 230cm, 6cmis, 3om/s™2 (Mars Yard, 2003:04-07)  ical terrain topography reconstruction process we have been

25 T T T T T

Spudeo s e T— | developing at JPL's Mars Yard.
20 - v Simulated Right Front Bogey Angle -+ q
Offsets Adjusted in plotting
15 for gomparision putpoes paciuel Left Bogey Angle - | The Laser ScannerThe scan of the Mars Yard was done us-
10} 4 ing a high-end laser scanning device, the LMS-Z360, man-

| ufactured by Riegl Laser Measurement Systems. The LMS-
Z360 is a laser/mirror scanning device that utilizes a fixed
S laser beam and a rotating deflection mirror, mounted within
a rotating pedestal. This configuration allows the user to ob-
tain a panoramic range map of the environment surround-

Angle (deg)
o

sy ' 1 ing the scanner. The device uses the time of flight (TOF) of
205 Stat HitRamp - MidHamp End 4 a pulsed laser beam to determine range information, while
25 ‘ s ; : - : : : : precisely controlling the rotation angle of the mirror to ef-
0 5 10 15 20 25 30 35 40 45 50 B A
Time (s) fect a vertical scan range of approximately +/- 45 degrees

from horizontal. This provides a precisely controlled verti-
Figure 8: Rocker and bogey angles for Fido rover driv-  cal sweep of range measurement locations.
ing up a ramp

Rotating mirror

FIDO FORWARD MOTION: Drive up ramp 230cm, 6¢cm/s, 3cm/s"2 (Mars Yard, 2003-04-07)
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Figure 9: Forward motion for various wheel-surface

a B Figure 10 shows a simple schematic diagram of this mech-
coefficients of friction

anism. The entire laser/mirror unit is then rotated about it's
vertical axis to provide the horizontal sweep, generating a
panoramic set of vertical scans centered about the scanner’s
position. The scanner unit itself is mounted on a tripod to
In summary, this experiment shows good agreement gvide portability. This also gives it a vertical elevation cen-

wheel angles and actual overall rover motion. It allowed Wrline from the ground on the order of about 1-1.5 meters.
to estimate the coefficient of friction between the wheels and

the ramp. There was moderately good agreement betw@&be manufacturer claims the best-case resolution of the
real and simulated bogey angles. Some of the discrepararyge data to be 5mm, with a 1 sigma std dev accuracy of
between real and simulated bogey angles may be due to ¢&12mm. Angular resolution for both the vertical and hori-

ibration problems on the Fido rover and needs further invesntal sweeps is specified at a minimum of 0.01 degrees. The
tigation. software allows selection of various modes of operation, an-
gular scan limits and resolution as well as selecting the focal
point of the laser beam. The various quality settings have a
large impact on the time it takes to scan an area as well as

_ _ _ - the volume of data collected.
In more interesting scenarios, the rover will drive over natu-

ral terrains which are not geometrically simple surfaces. DBcanner Output The output produced from the LMS-Z360
ferent wheels can encounter different rocks at different timesftware consists of an ASCII file containing data for each
and produce complex motions. In order to validate rovirdividual laser range measurement and a set of three bitmap
simulations in realistic situations, it is clear that an accuradteages: a range image, an intensity image and a true-color
representation of the terrain surface and traction propertiesge. Each pixel in the image corresponds to an individual
is essential. This section provides an overview of an emgaser measurement point, which in turn corresponds to an en-

4.2 Empirical Terrain Reconstruction



try in the ASCII data file. The ASCII data file consists of on
line for each point containing a user-selectable set of data
that point. In this experiment the software was configured 8
output the (X, Y, Z) coordinate of each sample along with
laser reflection intensity value. The coordinate of each po
is in a scanner-relative frame of reference where the scan
is at the origin. This X, Y, Z representation of the scann

inal scene as long as sufficiently high resolution was us
when collecting the data as shown in Figure 11.

Figure 12: Laser shadows behind rocks

angle covered by the collective scanner perspectives.

In order to register and correctly merge the multiple scan
data sets, a number of fiducials - or fixed-place markers -
visible to the laser from each of the scanner orientations are
used. The fiducials are generally small, highly reflective tar-
gets placed at precisely known locations. In Figure 13, a
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4.3 Scan procedure
EE 2]
By nature, laser is a line-of-sight mechanism and can the _l"
Fl Warsyard Origin

fore only produce range data (i.e. reflections) from surfac | _|| o » s s
that are reasonably normal to, and lie along, the path
the laser beam. However just as when shining a flashlig. ..
against a tree or a rock, a shadow is cast behind the object. )
In the case of a laser scan, there will be no range information Figure 13: Mars Yard scan setup
obtained in these shadow areas. This effect can be seen in

Figure 12 where the laser scan is coming from the left side

of the image. As aresult, the scanner data collection mustigicial is placed at each corner of the Mars Yard and has
done from several strategic vantage points for full coveraggen precisely surveyed using a TotalStation. The reflec-
of the terrain, and each scanner position must then be merg@sl targets produce bright, well-defined reflections (spikes)
into a single dataset. For example, 4 separate scans, one {ipfie laser intensity data. We created utilities to post-process
each of the front, back, left and right “sides” of the area ughe intensity image data and automatically locate the posi-

der consideration may be needed. This will insure coveragshs of the reflectors relative to the scanner location.
of all sides of objects such as rocks, terrain undulations and

other markers. When the multiple scans are later mergbdthis experiment, we also placed several standard patio
the resulting 3D topology may be viewed from virtually angricks at various points in the terrain and measured their
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precise locations. These “markers” were used later to me
sure the accuracy of the reconstructed terrain. The layc
of the scanner positions and bricks is shown in Figure 1
The green squares are bricks and the blue circles are s
positions. The laser target detection software annotates
intensity image as shown in Figure 14, and outputs an AS(

Figure 15: Reconstructed surface of a reflector

ner positions into a single dataset. This software can provide
false coloring of the point clouds from each scan position.
The idea being that the merged scans from multiple strategic
vantage points will fill-in the distant low-density areas from
scans taken further away. We can see from the merged, color
coded point cloud in Figure 16 color-coded scans where each

Figure 14: Annotated laser scanner image

table of coordinates for the location and dimensions of e
reflector as well as a 3D laser intensity surface plot, whi
is useful for visualizing the quality of the scan data of ea
reflector as show in Figure 15.

4.4 Registering and Merging the Scan Data Sets

Using the known absolute locations of the reflector fid
cials in together with their scanner-relative locations in t
scanned data, one can construct a transformation matrix
each scanner position. Using this transformation matrix, t
point clouds for each scanner position can then be transl
and rotated so as to register each individual scanner-cen
coordinate frame into a common reference frame (which is
typically the frame of the fixed fiducials.) Again, we created

utilities to automate this process and produce a set of ASCII
point cloud files in one (Mars Yard) frame of reference. The

accuracy with which the location of the fiducials are know#fan position was taken from (e.g. green=left, red=top etc.),
along with the accuracy and resolution of the scanned dag#l how each local scan filled in missing data from the dis-
determine to a large extent the accuracy of the registratféft scans across the Mars Yard. When plotted in a 3D

of the point clouds, and therefore the fidelity of the recoMiewer, the colorized point clouds reveal a great deal of in-
structed terrain. formation as to the contribution of each scan position to the

overall dataset. Figure 17's shows a close up view of the
Another utility then merges the multiple co-registered scafialse coloring of the merged data.

Figure 16: Merged, color-coded scans
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Figure 18: Angular separation effect on resolution

Figure 17: Close-up view of the color-coded merged
scans

the upper-left corner, where one can see a very dense point
distribution, but by the time you get to the lower-right cor-
ner, only 4 or 5 meters away, the degradation in resolution

4.5 Surface Reconstruction ! :
coverage along the ground is already quite apparent.

There are many factors that contribute to the actual resofusecond significant factor to consider when using a laser
tion and accuracy of the data obtained from a laser scanseanner instrument such as the LMS-Z360 is the actual di-
In the LMS-Z360 the laser beam emanates from a fixed poameter of the laser beam itself, and the response timing ca-
in space and is then deflected, by mirror angle and device pabilities of the receiving electronics. For the LMS-Z360,
tation angle, to a target sample vector. This geometry restitts laser beam is under software focus control, and can be
in an angular separation of adjacent scanned points thatfagused from 2 meters to infinity. According to the man-
creases with the distance from the scanner; the further awdgcturers specifications, at 2m focus the beam diameter is
from the scanner a surface is, the lower the effective resgproximately 5mm, while at 10m focus, the beam diameter
lution of the scanned image at that surface. In other wordsapproximately 22mm. Given the above described impli-
scanner resolution decreases as distance from the scanne&aitiens of angular separation effects on resolution, consider
creases, resulting in a variable resolution of scanned datahétt at 10 meters there is an effective resolution of about
is therefore important to consider the number and position@hm/point and a beam diameter of 22mm. This means that
each scanner location such that distant objects receive d@tledaser beam will overlap each adjacent scan point, provid-
guate coverage to faithfully represent the surface. For exanmg a level of uncertainty in the exact location of the detected
ple, with the scanner set to a vertical and horizontal anguteflection.

rotation step of 0.05 degrees (a medium-high resolution set-

ting for the Z360), a vertical surface 2 meters away will sé@ addition, when the beam hits the edge of an object (for
an effective coverage of about 1.7mm/point whereas a vexample a flat-edged rock or a brick “marker”), the beam
tical surface 20 meters away will see an effective resolutigfll be “split.” Part of the beam will reflect from the brick’s

of about 17.5mm/point - 1/10 the coverage! This effect ®!rface, the other part of the beam will continue on past the
illustrated in Figure 18. brick and reflect from whatever it happens to hit along it's

path beyond the brick. The effect is that the scanner will
Applying the same reasoning to a horizontal surface (e.g. e multiple reflections from a single laser pulse. If those
ground) with the scanner mounted 1 meter off the groundflections fall within the pulse timing detection window of
the difference in resolution goes from a about 3mm/pointthe receiver, the scanner will not be able to resolve the dif-
2 meters away to over 30mm/point at 20 meters from tference. The LMZ-Z360 allows the user to select either the
scanner! When scanning large areas such as the JPL Marst return” or the “last return” to resolve this ambiguity in
Yard (which is approximately 20x20 meters in size), this ethoosing the range value from the multiple reflections. This
fect must be taken account and additional scanner positibeam splitting effect is very pronounced in terrains with ob-
must be considered to maintain a minimum level of scannects having sharp edges (such as the bricks used for val-
coverage. When looking at the point cloud of a single scddation of the scan registration) and in fact is a source of
ner position, this effect is very pronounced as can be segrat distortion in the reconstructed terrain that must be fil-
in Figure 19. In this top view illustration, the scanner is itered out to retain the fidelity of the original landscape. This
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the vertical sweep angles to cover a small concentric radius
about the scanner’s position) you can achieve significantly
better results as shown in Figure 21. Of course, this requires

Figure 21: Reduction in shroud effect with improved
beam focus

Figure 19: Decrease in scan point density with distance

a many more extensive scans, with a significant increase in
beam-splitting effect can be seen in Figure 20. Here is a stié amount of post-processing of the data.

Again we wrote utilities to perform further filtering of the
point clouds, which removed most of the beam splitting ar-
tifacts, but at the cost of some lost information. The filter-
ing algorithm passes a cube of configurable size (e.g. 1cm)
throughout the entire 3D terrain dataset and simply deletes
all points within the cube if the density of points is below
some specified threshold. This type of filtering must be per-
formed on the final, merged datasets to prevent it from delet-
ing entire valid, low-density regions of a single scan position
that are far from the scanner location (i.e. due to the resolu-
tion degradation effects described previously.)

More work is needed in separating out the features (rocks,
bricks etc) from the base terrain to retain detail in the ren-
dered image. An example of a 12m x 14m patch of Mars
Yard, as a 3D mesh an be seen in Figure 22 as a VRML
mesh.

Figure 20: Shroud effect from brick beam splitting

Surface Texture Another step in the reconstruction process

makes use of the true-color image generated by the LMS-
view of a brick, scanned from several meters away with tE860 software. Using the same transformations of each scan
beam focus set to infinity. You can actually trace the anglemdsition, and a simple 3D to 2D projection algorithm, the
the “shroud” of sample over-spray back to the original scaimue-color panorama images can be merged and converted
ner location. Given the beam diameter overlap with apparémb a texture overlay for the terrain data. Some image pro-
resolution coverage that varies with distance, the best chaessing to adjust gamma, brightness and contrast provides a
between first or last response is not always clear. In additiogalistic looking terrain for rover simulation - Figure 23. In
the reflective qualities of the actual material being scanniis view, it is possible to see the effects of each scan po-
will affect the intensity of the reflections (and componensstion as the subtle radial shadows emanating from each of
of split reflections) so as to potentially trick the thresholdintpe 4 scanner positions. Some image processing was done
of the laser response detection sensor circuitry, adding fir-compensate for this, but the effects could not be elimi-
ther “noise” to the measurements. By controlling the beamted completely. Additional, more closely spaced scanner
focus and taking banded, limited-range scans (by limitiqgpsitions will likely make a significant improvements here.
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Figure 22: Reconstructed Mars Yard terrain mesh

Figure 23: Texture image for the Mars Yard terrain

In the final analysis, our validation analysis showed the re-

constructed terrain to be mostly within 1 cm accuracy, withaals for timer callbacks and terrain selection. For example,
worst-case of less than 2cm error. This is well within the eRoamsIF exposes methods for selecting the state propaga-
pected limitations of the scanner for the scanner modes utied mode (e.g. kinematics or dynamics), methods for adding
for the data collection. Future terrain reconstruction expenew rover vehicles to the simulation and methods for con-
ments will make use of the lessons learned here to impraxeling the simulation clock and advancement of time. The

the quality and accuracy of the reconstructed terrain. application program can then step the simulation one step at
a time, or it can advance the simulation to some point into
the future.

5 Closed-Loop Simulations _
The second class is the RoverlF class. For each new rover

that is added to the simulation, a RoverlF object is created

In stand-alone simulation mode, a user normally interaé® the rover. The RoverlF class provides methods for ac-
with ROAMS through a comprehensive GUIs (shown in Fig_essing rover-spec_ific information ano! settings. RoverlF has
ure 24), for simulation configuration, control and visualiza0€thods for selecting high-level configurations such as the
tion. The majority of the simulator is written in C++, withhavigation algorithm to use (or no navigation at all), and

scripting interfaces (e.g. TCL) exposed at key points in tHe Specifying the rover’s position and navigation goal loca-

architecture. In order for an external application to clo§n. RoverlF also provides low-level command access to the
the loop with ROAMS, a light-weight set of C++ interfacdOver's underlying subsystems, such as it's \{vhe_el and steer-
classes, denoted RoamsIF, has been developed to prolilemotors. Using these methods, the application software

programmatic access to initialize, configure and interact wgAn control the rover's movement at the individual wheel
the simulator. motor level by commanding motion profiles (e.g. maximum

acceleration, coast velocity and final desired position).

5.1 Overview of RoamsIF Both RoamsIF and RoverlF provide access to a wealth of

simulation parameters and run-time variables. This enables
Using RoamslF, an application can gain complete controltbe application to tune the behavior of the simulation and the
the ROAMS simulator at all levels. RoamsIF provides twaimulated rover vehicles, as well as to monitor and log out-
C++ classes with which a users application program can put from the rover’s simulated sensor devices (e.g. a wheel
teract with ROAMS. position encoder, or the outputs of a gyro).

The primary class, RoamslF, provides methods for simulehe RoamslF interface is continuing to evolve as do the sim-
tion configuration and control as well as various utility methdator and the users needs. A recent addition to RoamsIF
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proach however turns out to be impractical when used with
ROAMS which is meant to handle a whole variety of existing
and new rover models. The primary bottleneck is the labor-
intensive process for generating the rover graphics model for
new rovers to be used in simulations. Moreover, keeping
such models in sync with parameter updates and changes to
the kinematics and geometric configuration of the rover has
I r— to be manually done and is difficult in the best of circum-

P s i stances. Due to these difficulties, the graphics models can
O s i Y (= get out of sync with the underlying physics based model and

e = can be a source of confusion for users who may rely on the

graphics feedback to interpret and monitor simulation behav-
ior.

Ilrﬂﬂ- Inr memwm iy ey
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We have recently developed a strategy to address these is-
sues. We have created a utility within ROAMS that can
auto-generate a VRML “stick” graphics model for the rover

E: :~ i from the the rover’s kinematics data. The “stick” mnemonic
for this model reflects the fact that this graphics model only
Figure 24: ROAMS' graphical user interface contains the backbone information from the rover model and

is exactly faithful to the underlying kinematics of the rover.
Thus the location and orientation of all attachment nodes,
articulation hinges, body center of mass etc. are included in

has been the addition of a “takePicture” methods to generhig 9raphics model. Some simple wheel and chassis graph-
synthetic images from ROAMS hazcam and pancam calf® objects are attaqhed to the backbone to generat_e a rea-
era models. The RoamslF interface is currently in use Bgnaple representation of the rover. The left image in Fig-

JPL's Mission Data System [27] and CLARAty [25] projects™® 25 shows an example of such a stick graphics model.

for closed loop rover simulations with ROAMS. We plan tq
convert the current ROAMS closed-loop interface to NAS,
Ames’ Mission Simulation Framework [28] to RoamsIF ir
the near future.

6 Rover 3D Visualization Models

Figure 25: Stick and Xmas rover graphics models

ROAMS uses the Dspace 3D graphics tool for visualizing
simulation output [1]. Dspace displays include graphics
models of the rover, the terrain environment as well as graph-
ics “ornaments” to annotate and highlight simulation stafde key benefits of the stick graphics model are that it is
such as trails, field of view displays, frame axes etc. Theato-generated and hence does not require any manual effort,
graphical terrain models are auto-generated from the underd that it is always consistent with the underlying physical
lying terrain DEM at run-time so that they are always comrodel of the rover. This model can be generated for any
sistent with the simulation model of the terrain. rover - including conceptual ones used for analysis of new

rover designs.
In the case of rover models, corresponding CAD like graph-

ical models of the rover are needed to visualize the rovEne one drawback - though not a serious one - of the stick
behavior during simulations. Unfortunately, even when theyodel is that it lacks geometrical information and while
are available, CAD based graphics models are typically darematically accurate may lack the intuitive look of the
suitable for use in closed-loop simulations. For one, thgsieysical rover. To address this concern, we have taken the
models are often far too detailed and when used in restick model one step further, where a user can attach graph-
time they significantly impact the performance of the sincs components for the various parts of the rover (eg. the
ulation. Secondly, the instrumentation needed to display tteekers, the bogeys, the chassis etc.) to the backbone. We
rover articulation is absent from CAD models. As a resulgfer to the resulting model as the “xmas tree” model since
such models in the past have required labor-intensive ptioe process mimics one of adding ornaments to a Christmas
cessing to either simplify the models and add the articulatiore. The rightimage in Figure 25 contains an example of the
information in, or to simply create the needed rover grapkmas tree version of the stick figure in the left image. When
ics model from scratch. While technically possible, this agenerating the xmas tree model, the user is able to scale,
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position, rotate the individual graphics parts as needed. Weluding path planning for robotic vehicles. He completed
have found the combination of the stick and xmas tree mduds Ph.D in 1993 in Mechanical Engineering at Georgia In-
els generation capability to be very valuable since it allowssitute of Technology under the direction of Professor Wayne
users to use arbitrary rover designs in the simulation ahdBook. From then until 1995, he was employed by the
have a good visualization capability right away to accorollege of Computing at Georgia Tech to work with Prof.
pany the simulations. In any case, when CAD like modeRonald Arkin as a research scientist investigating multiagent
for specific rovers are available, users have the option of usbotics. In July of 1995, he returned to JPL and is now a
ing them instead of the stick or xmas models. member of the Automation and Control section where he is
working on several advanced space exploration concepts and
modeling and simulation of rovers. His research interests in-
7 Conclusions clude robotics, dynamics, kinematics, controls, and software
development.

This paper contains an overview of new ROAMS capabiliohn Guineau has over 20 years of experience develop-
ties developed beyond what was previously reported in réfg software in the commercial and government sectors.
erence [1]. While continuing the addition of new modeHis skills range from low-level

ing functionality such as synthetic stereo camera simulatigfbedded hardware design 7 _
models, there has been a parallel validation effort to valid&@d firmware development to= =
the ROAMS models. The target user for these ROAMS deperating system internals and -

velopments is NASA's Mars Science Laboratory mission. User application software. Mr
Guineau has received numer:

ous awards throughout his ca’g f%@
reer for software architecture

. L and design, including 6 recent
The research described in this paper was performed at the ety from NASA/IPL. He is currently serving as architect

Propulsion Laboratory (‘]I_DL)' Califor_nia Institute Of_ Techy gpLs SimScape terrain modeling environment, in addi-
nology, under contract with the National Aeronautics angh, +o many other tasks including Mars rover simulation de-

Space Administration. We would also like to acknowlze|nnment and software infrastructure for spacecraft mission
edge the NASA's Mars Technology Program’s support of t'&%nception and design.

ROAMS development.
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